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15 Abstract: Ba-hexaferrites of composition (BaO)1-x (La2O3)x 5.7 Fe2O3, where x = 0.00, 0.04, 0.08 and BaO 5.7
16 Fe2O3 ? [0.7 wt% CaO ? 0.3 wt% SiO2] were prepared by standard double sintering ceramic technology using magnetite
17 from Cox’s Bazar beach sand, Bangladesh. In this work, magnetic, dielectric and electrical properties of Ba-hexaferrites
18 with and without additives have been reported. Measurements of permeability, loss factor, quality factor (Q-factor),
19 resistivity and dielectric constant of the synthesized samples have been carried out. Permeability remains unaltered in the
20 observed frequency range. The loss factor increases with the increase in temperature and additives as well. It has been
21 observed that the loss factor decreases with the increase in frequency. The Q-factor decreases with the increase in
22 temperature and increases with the increase in frequency. The dielectric constant decreases with the increase in frequency.
23 The ac resistivity of Ba-hexaferrites increases with the increase in additive contents.
24
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28 1. Introduction
29 Ferrites are ceramic materials which fall in the category of
30 ferrimagnetics and have great demands around the world
31 owing to their wide range of practical applications [1]. Over
32 the past few decades permanent magnets have been widely
33 used with the introduction of hexagonal ferrites with com-
34 position MeFe12O19 where Me = Ba, Sr or Pb. These mate-
35 rials have a wide range of permanent magnetic applications
36 such as the media for magnetic, magneto-optical recording,
37 highfrequencycorematerialsandinsomeothertechnological
38 applications[2,3].Hexaferritesarebroadlyusedinpermanent
39 magnetic applications because of their cost effectiveness and
40 better performances, high chemical stability, microwave
41 devices, telecommunication, and high saturation magnetiza-
42 tion [4–10]. Since the structural, electro-magnetic and
43 dielectric properties of hexaferrites vary strongly with the
44 composition, in this work, we have prepared Ba-hexaferrites
45 (BaM) with following non-stoichiometric compositions:
46 (BaO)1-x(La2O3)x5.7Fe2O3wherex = 0.00,0.04,0.08and
47 (BaO) 5.7 Fe2O3 ? [0.7 wt% CaO ? 0.3 wt% SiO2].
48 There are enormous scopes of carrying out research with
49 hexagonal permanent magnetic materials such as Ba-
50 ferrites, Sr-ferrites or Pb-ferrites to upgrade their properties
51 by changing the compositions. Up until now, numerous
52 researches have been performed on hexagonal ferrites with
53 and without additives [11]. Various synthesis techniques
54 have been employed with various dopants to produce
55 hexaferrites with enhanced properties suitable for applica-
56 tions [4, 5]. Babu et al. [12] studied the structural and hard
57 magnetic properties of Ba-hexaferrites with the addition of
58 La2O3 and reported that the magnetic properties of such
59 ferrites have been improved remarkably with the addition
60 of La2O3, which acts as grain reﬁner. Grossinger et al. [13]
61 have studied the La–Co substituted Ba-hexaferrite and
62 reported that the anisotropy as well as the coercivity
63 increases with the increase in La–Co content. A large
64 number of publications have been reported on these *Corresponding author, E-mail: mahbub235@yahoo.com
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65 materials owing to their widespread technological appli-
66 cations as smart tools for permanent magnets with various
67 cationic substitutions [14, 15]. Many researchers around
68 the world have performed signiﬁcant contributions to
69 enhance the electrical and magnetic properties of M-type
70 hexaferrites by cationic substitutions for their useful tech-
71 nological applications [16, 17]. Simultaneous addition of
72 Gd–Co on Ba-hexaferrites by Litsardkis et al. [18] indi-
73 cates the presence of secondary phases, reduction of
74 magnetization and an increase in coercivity with respect to
75 the undoped Ba-hexaferrites (BaFe12O19). W. Yuping [19]
76 has shown that Co–Ni, Co–Zn substitutions and V2O5
77 doping signiﬁcantly causes to enhance the absorbing per-
78 formance by modifying the static and dynamic properties
79 of Ba-hexaferrites. However, till date the systematic study
80 on the electrical and dielectric properties of rare-earth
81 substituted M-type Ba-hexaferrites are very limited in lit-
82 erature [20, 21]. In the present study, magnetite from Cox’s
83 bazar beach sand has been used as a major ingredient
84 (about 85 %) for the manufacture of M-type Ba-hexafer-
85 rites with a small addition of rare-earth oxide (La2O3) and
86 controlled amount of SiO2 and CaO. Hence, in the present
87 study we have emphasized on the possibility of developing
88 M-type Ba-hexaferrites from the locally available raw
89 materials. We have also reported the electrical and
90 dielectric properties of synthesized hexaferrites. It is to be
91 noted that many related works have been published
92 recently [22–26].
93 2. Experimental details
94 Ba-hexaferrite powders were prepared from BaCO3,L a 2O3
95 and Fe3O4 of Cox’s bazar beach sand, Bangladesh com-
96 positions of (BaO)1-x (La2O3)x 5.7 Fe2O3 where x = 0.00,
97 0.04, 0.08. 100 g batches of Ba-hexaferrite powders were
98 also prepared with the addition of 1 g of (CaO ? SiO2).
99 The chemicals were mixed thoroughly in motor and a
100 pestle. To get a homogeneous mixture of the constituent
101 chemicals and to reduce the particles size, powders were
102 milled for 9.5 h using steel ball (in the ratio 1:6 powder to
103 ball) in distilled water. The prepared slurry was dried,
104 pelletized and transferred to a porcelain crucible. The pellet
105 was sintered at temperature of 1,235 ￿C for 4 h. The sin-
106 tered materials were crushed to produce chemically
107 homogeneous powder. The powders were milled again
108 using an agate motor and a pestle for 3–4 h. By hydrostatic
109 compaction the powder sample was pressed into desired
110 shapes. Using a hydraulic press made of nonmagnetic
111 stainless steel two different types of samples: cylindrical
112 and pellets were prepared.
113 X-ray diffraction (XRD) studies of Ba-hexaferrites were
114 performed by a Philips X’PERT PRO X-ray diffractometer
115 using Cu-Ka radiation in the range of 2h = 15–75￿ in the
116 steps of 0.02￿. The phase and purity levels of Ba-hexa-
117 ferrites sintered at 1,235 ￿C in air for 4 h were determined
118 from the XRD patterns. From the XRD patterns, all the
119 peaks were identiﬁed to be single-phase M-type structure
120 with hexagonal symmetry (JCPDS data of PDF No. 84-
121 0757) [27] without having any other intermediate phases.
122 This conﬁrmed the homogeneity and purity levels of the
123 prepared samples [28]. The fundamental peak with maxi-
124 mum intensity for Ba-hexaferrites varies between
125 2h = 32.52 and 32.62￿ at reﬂection (107) and d-spacing
126 ranging from 2.7454 to 2.7530 A ˚. X-ray density, bulk
127 density, porosity and unit cell volumes of the hexaferrites
128 were calculated from the XRD analysis of the samples and
129 were reported in Ref. [29].
130 Pellet shape samples with dimensions 10 9 3 mm were
131 prepared at room temperature for electrical and dielectric
132 measurements. The dielectric constant (e0) of Ba-hexafer-
133 rites was measured using 3255B precision magnetic ana-
134 lyzer. It provides 2-terminal measurement of inductors and
135 transformers over the frequency range 20 Hz–650 kHz.
136 Dielectric constant was calculated from the relation:
137 e0 ¼ Cd
eoA, where C is capacitance of the pellet in Farad, d is
138 the thickness of the pellet in meter, A is the area of cross
139 section of the sample in m
2 and e0 is the free space’s
140 permeability.
141 The real part of the complex permeability, loss factor,
142 Q-factor of the Ba-hexaferrites was calculated using the
143 following formula:l ¼ l0   il00, where l0 is the real part
144 and l00 is the imaginary part of the complex initial perme-
145 ability respectively expressed by the following equations:
l0 ¼
B0
H0
cosd; l00 ¼
B0
H0
sind: ð1Þ
147 147 The ratio of the imaginary to the real part of the complex
148 permeability is termed as the loss tangent or loss factor.
l00
l0 ¼
ðB0=H0Þsind
ðB0=H0Þcosd
¼ tand: ð2Þ
150 150 The reciprocal quantity of the loss factor is called the Q-
151 factor which is given as
Q ¼
1
tand
: ð3Þ
153 153
154 3. Results and discussion
155 Figures 1 and 2 show the real part of the complex perme-
156 ability of Ba-hexaferrites with compositions (BaO)1-x
157 (La2O3)x 5.7 Fe2O3 for x = 0.00, 0.04, 0.08 and BaO 5.7
158 Fe2O3 ? [0.7 wt% CaO ? 0.3 wt% SiO2] respectively
159 sintered at 1,235 ￿C in air for 4 h in the frequency range
160 1–600 kHz. According to the permeability data presented in
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161 Figs. 1 and 2, it has been found that the initial permeability
162 of Ba-hexaferrites increases with the addition of La2O3 and
163 (CaO ? SiO2). It may be stated that with a small addition of
164 La2O3 to the Ba-hexaferrites the density might have been
165 increased, leading to an increase in the permeability. Our
166 result is in agreement with the previous standard results for
167 ferrites with higher density and larger average grain size
168 posses a higher initial permeability [30]. Throughout the
169 investigation, we observed that the real part of the complex
170 initial permeability remains almost unaffected over the
171 entire frequency range. Introduction of La2O3 and (CaO ?
172 SiO2) causes to an increase in permeability, which might be
173 related to the fact that it causes to a decrease in hyperﬁne
174 ﬁelds at 12 k and 2b sites which in turn results to a decrease
175 in the strength of superexchange interaction Fe
3?–Fe
2?
176 [31, 32]. This might also cause magnetic dilution by
177 enhancing the production of Fe
2? ions.
178 Figures 3 and 4 show the temperature dependence of
179 loss factor of Ba-hexaferrites with and without additives.
180 According to the diagrams, it has been observed that the
181 loss factor of Ba-hexaferrite samples decreases with the
182 increases in La2O3 addition. The same nature of the loss
183 factor has been noticed while a controlled amount of CaO
184 and SiO2 have been added simultaneously to the pure
185 Ba-hexaferrites. Moreover, the loss of Ba-hexaferrites has
186 been found to be decreased with cooling.
187 Figures 5 and 6 show the variation of loss factor of the
188 Ba-hexaferrites with and without additives as a function of
189 frequency. This measurement has been done over the fre-
190 quency range 1–500 kHz. At very low frequency like
191 (1 kHz), the loss factor is high and it starts decreasing with
192 the increase in frequency and at high frequency region it
193 becomes almost unaffected with the further increase in
194 frequency. In magnetism, the study of energy loss is very
195 important, since the amount of energy wasted on process
196 other than magnetization can prevent the AC applications
197 of a given material. Loss factor measures the inefﬁciency
198 of a magnetic system and obviously should be as low as
199 possible. At high frequencies, losses are to be lower if
Fig. 1 Frequency dependence of initial permeability of (BaO)1-x
(La2O3)x 5.7 Fe2O3 where x = 0.00, 0.04, 0.08
Fig. 2 Frequency dependence of initial permeability of (BaO) 5.7
Fe2O3 and (BaO) 5.7 Fe2O3 [0.7 wt% CaO ? 0.3 wt% SiO2]
Fig. 3 Loss factor as a function of temperature of (BaO)1-x (La2O3)x
5.7 Fe2O3 where x = 0.00, 0.04, 0.08
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200 domain wall motion is inhibited and the magnetization is
201 forced to change by rotation [33]. Our observation has been
202 found to be consistent with the Q-factor studies (Figs. 7, 8),
203 where it is observed that the Q-factor increases with the
204 substitutions. This reﬂects the fact that with the addition of
205 rare-earth oxide and (CaO ? SiO2) the loss of energy has
206 been reduced. The decreasing nature of the loss factor
207 attributes the relaxation phenomena of magnetization of
208 domain wall [34]. Addition of rare-earth (RE) elements for
209 the substitution of Ba
2? ions results in a smooth decrease
210 of magnetization comparing to the pure hexaferrites
211 [35, 36]. Moreover, introduction of RE oxides to the
212 Ba-hexaferrites disrupts and weakens the Fe
3?–O–Fe
3?
213 superexchange interaction and thereby accelerating the
214 Fe
2? ions production and spin canting as well [31, 32]. It is
215 believed that due to these combined effects the loss factor
216 of Ba-hexaferrites is decreased. Some sort of distortion in
217 the lattice structure might come into play to cause the
218 internal stresses to the hexaferrites [37, 38]. Figures 7 and
219 8 show that the Q-factor of Ba-hexaferrites increases with
220 the addition of La2O3 and simultaneous addition of CaO
221 and SiO2 with pure samples which is consistent with our
222 loss factor measurements (Figs. 5, 6, 7, 8). Figures 9 and
223 10 show the variation of Q-factor as a function of fre-
224 quency for the same samples. It is observed that Q-factor
225 increases with increasing frequency. According to the
226 study of loss factor and Q-factor, we observed that at low
227 frequency region Ba-hexaferrites work as a better perma-
228 nent magnetic material with low losses and high qualities.
229 The variation in Q-factor with temperature and frequency
230 may also be explained in the same way as that of the loss
231 factor, which is already been mentioned previously. Loss
232 tangent is high at lower frequency which is well-known as
233 the inter-facial polarization [39]. The dielectric loss of
234 SrBa-hexaferrite with the substitution of Ce–Ni content
Fig. 4 Loss factor as a function of temperature of (BaO) 5.7 Fe2O3
and (BaO) 5.7 Fe2O3 [0.7 wt% CaO ? 0.3 wt% SiO2]
Fig. 5 Loss factor as a function of frequency of (BaO)1-x (La2O3)x
5.7 Fe2O3 where x = 0.00, 0.04, 0.08
Fig. 6 Loss factor as a function of frequency of (BaO) 5.7 Fe2O3 and
(BaO) 5.7 Fe2O3 [0.7 wt% CaO ? 0.3 wt% SiO2]
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235 show the normal dielectric explained in terms of electron-
236 hopping among the Fe
2?/Fe
3? ions at the octahedral site
237 [40].
238 Figures 11 and 12 show the variation of dielectric con-
239 stant with frequency from 1 to 650 kHz at room tempera-
240 ture. The dielectric constant decreases with increasing
241 frequency and with addition of La2O3 and (CaO ? SiO2),
242 which is rapid at lower frequencies and slower at higher
243 frequencies. This result is very similar to that reported
244 earlier [41]. At higher frequency, around 300 kHz and
245 above dielectric constant of Ba-hexaferrites become almost
246 independent of frequency. This is a normal dielectric
247 behavior observed in most of the ferromagnetic materials,
248 which may be due to the interfacial polarization as
Fig. 7 Quality factor as a function of temperature of (BaO)1-x
(La2O3)x 5.7 Fe2O3 where x = 0.00, 0.04, 0.08
Fig. 8 Quality factor as a function of temperature of (BaO) 5.7 Fe2O3
and (BaO) 5.7 Fe2O3 [0.7 wt% CaO ? 0.3 wt% SiO2]
Fig. 9 Quality factor as a function of frequency of (BaO)1-x
(La2O3)x 5.7 Fe2O3 where x = 0.00, 0.04, 0.08
Fig. 10 Quality factor as a function of frequency of (BaO) 5.7 Fe2O3
and (BaO) 5.7 Fe2O3 [0.7 wt% CaO ? 0.3 wt% SiO2]
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249 predicted by Koops theory Maxwell and Wagner bilayer
250 model [42]. The dielectric behaviour of ferrites, generally,
251 may be elucidated on the basis of various mechanisms of
252 dielectric polarization, which is similar to the conduction
253 mechanism that arises from the electronic exchange
254 between Fe
3? and Fe
2? [43, 44]. The same phenomenon
255 has been reported by Rabinkin and Novikova [45]. The
256 electronic conduction in ferrites occur basically due to the
257 hopping of electrons between the ions of the same element
258 existing in more than one valence state which are distrib-
259 uted randomly over the crystallographically equivalent
260 lattice sites. Polycrystalline ferrites are considered to have
261 two layers- ﬁrst one being a heterogeneous medium of
262 conducting layer with a large number of grains and the
263 other one is a highly resistive thin layer with grain
264 boundaries [46, 47]. The interfacial dielectric polarization
265 arises from defects in grain boundaries, oxygen vacancies,
266 dislocations and other defects that causes to an enhance-
267 ment of dielectric constant at lower frequencies [48].
268 Higher value of dielectric constants results in a decrease in
269 skin depth of electromagnetic waves by increasing the skin
270 effect. For this reason, ferrites with lower dielectric con-
271 stant ﬁnd their potential applications at high frequency
272 devices [42, 49].
273 The ac resistivity of (BaO)1-x (La2O3)x 5.7 Fe2O3, where
274 x = 0.00, 0.04, 0.08 and BaO 5.7 Fe2O3 ? [0.7 wt%
275 CaO ? 0.3 wt% SiO2] samples sintered at 1,235 ￿C for 4 h
276 in air has been represented in Figs. 13 and 14 in the fre-
277 quency range of 5–500 kHz. It has been observed that the ac
278 resistivity of Ba-hexaferrites increases with the addition of
279 La2O3 and (CaO ? SiO2). The increase in resistivity might
280 happen due to the increase of porosity of Ba-hexaferrites
281 with the addition of La2O3 and (CaO ? SiO2). Since pores
282 are nonconductive, causing the increase in resistivity of the
283 materials [50]. All the curves show the signiﬁcant disper-
284 sion with frequency, which is an important behaviour of
285 ferrimagnetic materials. The increase in frequency enhan-
286 ces the hopping frequency of charge carriers resulting in an
287 increase in the conduction process thereby decrease the
288 resistivity. The minimum resistivity occurred when the
289 frequency of the hopping charge carriers is equal to
290 the applied ﬁeld frequency termed as resonance frequency
291 i.e., the jumping frequency of hopping charge carriers are
292 almost equal to that of the applied ﬁeld. Then again with the
293 increase in frequency, the resistivity increases most linearly
294 which may be due to the retardation of hopping charge
295 carriers with increasing applied ﬁeld frequency. From this
296 investigation we observe a rapid dielectric dispersion at
297 lower frequency region and it becomes almost independent
298 in the higher frequency values. The dielectric behaviour of
299 ferrites has been already explained on the basis of the
300 mechanism of the dielectric polarization that has been
301 found to be similar to that of conduction process in the
302 discussion of dielectric properties.
303 4. Conclusions
304 Addition of La2O3 and [0.7 wt% CaO ? 0.3 wt% SiO2]t o
305 Ba-hexaferrites has been found to play very signiﬁcant role
306 in improving magnetic, electrical and dielectric properties
Fig. 11 Dielectric constant as function of frequency of (BaO)1-x
(La2O3)x 5.7 Fe2O3 where x = 0.00, 0.04, 0.08
Fig. 12 Dielectric constant as function of frequency of (BaO) 5.7
Fe2O3 and (BaO) 5.7 Fe2O3 [0.7 wt% CaO ? 0.3 wt% SiO2]
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307 of M-type Ba-hexaferrites synthesized from the magnetite
308 of Cox’s bazar beach sand of Bangladesh. XRD studies
309 conﬁrm that the prepared Ba-hexaferrite samples are of
310 single phase and it indicates that the ferrite powders are
311 homogeneous and highly pure without having any other
312 intermediate phases. Increase in permeability with the
313 addition of La2O3 simultaneous addition of CaO and SiO2
314 might have been associated with the fact that the density of
315 the samples increases with the additives which in turn
316 causes to an increase in initial permeability of the samples.
317 It has been also noticed that the real part of complex per-
318 meability remains almost invariant with the observed fre-
319 quency range signifying that no domain wall motions
320 occurr at the high frequency region. The observed decrease
321 in dielectric constant with increase in frequency is due to
322 the fact that above certain frequencies the electronic
323 exchange between Fe
2? and Fe
3? ions does not follow the
324 frequency of the applied ac ﬁeld. The dielectric constant
325 decreases with increasing frequency, which is rapid at
326 lower frequencies and slower at higher frequencies. This is
327 a normal dielectric behaviour observed in most of the
328 ferrimagnetic materials. The ac resistivity decreases with
329 increasing frequency and become independent in the higher
330 frequency region. The loss factor increases with increasing
331 temperature and decreases with increasing frequency. For
332 inductors used in ﬁlter applications, the quality factor is
333 often used as a measure of performance. The Q-factor
334 decreases with increasing temperature and increases with
335 increasing frequency. It is believed that La2O3 acts as a
336 grain reﬁner and CaO promotes the plate like grain growth
337 oriented perpendicular to the basal plane while SiO2 acti-
338 vates the reaction kinetics. The La2O3 substituted hexa-
339 ferrites have the enhanced magnetic, dielectric and
340 electrical properties due to the fact that substituent ions for
341 Fe
3? accounts the ionic radii of the elements thereby
342 causing new types of interactions and thus improving the
343 desired properties of the synthesized samples.
344
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